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I. INTRODUCTION

Four methods of comparing pavement damage caused by light vs.
heavy axle loads are examined in this study. These four methods

are as follows:

1. Pavement deflection measurements,

2. load equivalence data from test roads,

3. pavement cost comparison - {(new construction), and
by, pavement performance experience.

Pavement deflection 1s the temporary vertical displacement of
the roadway surface under moving loads. For many years it has
been recognized that the magnitude of pavement deflection under
j0ad is related to the abillty of the pavement to survive under
repeated applications of loads (1,2).

mhe relation between deflection under ioad repetitions and
pavement service 1ife developed by the California Department
of Transportation is used to make an approximate comparison
between the structural damage done by heavy and light axle

loads.

Based on performance data from the AASHO Road Test, which was
the most comprehensive performance test in history, and on pave-s
ment performance 1n California, the State's Department of
Transportation has developed an empirical relationship between
magnitude of axle 1oadings and the number of applications that
can cause pavement fatigue failure. The reigtionship between
damage caused by loads of varying sizes and a "standard"

18,000 1b. axle loading was developed from test road and other
data. 'This known relationship can be used to compute "load

equivalence" damage done by mixed traffic as determined from

TVVTTAastro-com
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traffic counts and loadometer data. Relative damage to pavement
is assigned to trucks, buses and passenger cars on the basis of
recent loadometer counts (welght measurements of vehicles using
California highways). The lcad equivalence information, as
derived from the AASHO Road Test for both AC and PCC pavements,
and data derived from the California method for designing flexible
pavements are utilized.

The California design methods for both AC and PCC pavements are
also used to compare structural sections designed for passenger
cars and other vehicles less than £,000 1bs. gross load only,
to those required for all vehicles, The estimated construction
costs of these pavements are used to assess the proportion of
total pavement construction cost that can be assigned to trucks,

buses, and cars, respectively.

Pavement performance of the Arroyo Seco (now Pasadena) Freeway,
which in the past has carried only autocs and other light vehicles,
is compared to the performance of sections of Route 99 carrying
all traffic for a period of approximately 35 years. This com-
parison 1s used to provide an estimate of the proportion of

total thickness of structural section required for trucks and
buses (greater than 6,000 1bs, gross 10ad) for past traffic

patterns.

Investigations have been made by Califeornia, as well as the
federal government (6,8), in an attempt to predict the effect
of the recent increase in legal load 1imits on pavement service
1ife. Information from these studies and one obtained from
Great Britain (7) is used to estimate the effect of increased
legal load 1imi€s on the service life of existing pavements,

ChhPD
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ITI. CONCLUSIONS

1. Based on pavement Deflection Analysis, a light duty road-

way selected for this study (0.20' AC over clay material) would
withstand about 3,000 passes of an 18,000 1b. axle loading prior
to pavement fatigue failure. It was found that pavement surface
deflection under the 3000 1b. axle loading was well below critical
strain limits for this pavement and would provide a service life

not limited by fatigue fallure.

2. The Load Equivalence relationship, as developed at the
AASHO Test Road for PCC and AC pavements, and California's AC

pavement design method show that 1 pass of an 18,000 1b, axle
10ad does about the same pavement structural damage as about
1,850 passes of a 3,000 1lb. axle weight or about 34,000 passes
of a 1,500 1b. axle locad.

3. A cost comparison of pavements designed to serve only light
vehicles (less than 6,000 1lbs, gross) versus pavements designed
to serve the total traffic mix was made for an average State
Highway (Traffic Index = 9,0). This comparison reveals that

58% of total pavement construction cost 1s assignable to vehicles

naving gross loads in excess of 6,000 1lbs.

4, No structural pavement overlays were reguired to carry
only passenger car traffic on Arroyo Seco Freeway for 35 years
of service. AC pavements of similar initial thickness (0.6' -
0.7') were constructed, at sbout the same time, in the lower
San Joaguin Valley on several sections of Route 99 to handle
the total traffic mix. When actual total thicknesses of AC
needed to carry all traffic at the Route 99 locations 1is
compared to the calculated thicknesses required for passenger

car traffic only, it is found that an average of 66% of the

f.
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total thickness of pavement needed at the Route 99 locations
was required to handle the heavier loads imposed by trucks and
buses (gross loads greater than 6,000 1bs.).

5. Previous studies (6,8) by the California Department of
Transportation and the U.S. Department of Commerce indicate
that the proportion of damage to pavements caused by trucks
can be expected to increase in the future as a result of an

increase in legal load limits,

I7I. PAVEMENT DEFLECTION APPROACH

An asphalt concrete pavement surface is depressed or deflected
under traffic loading. Heavier loads naturally cause greater
deflections. A portland cement concrete pavement has much
greater slab strength than an asphalt concrete pavement.
neflection of PCC pavements is, therefore, usually small and
is not normally used to measure "in-place" strength. However,
being more rigid, even emall deflections can create high
stresses in the concrete which "use up" fatigue life. In the
case of AC pavements, surface deflection measurements are
utilized as a measure of in-place strength. Low deflections
under heavy loads indicate high strength conditions.

In the fall of 1975, three pavement test sections were chosen
to obtain a measure of variation in structural strength, These
test sectlons are further described as follows:

O

P B

VANTAY,
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Section No. Location Description

1 Plymouth Drive (North 0.2' AC over clay
Highlands)

2 Rogue River Drive 0.2' AC over silty sand
{(East Sacramento)

3 El Centro Road 0.3' AC over 0.67' CTB
(013 State Highway 99 {cement treated base)

North of Sacramento)

Deflection measurements using the Benkelman beam were taken at
30 foot intervals. The loads applied to the pavement variled
from 1,500 1b. rear axle load to 20,000 1b., rear axle load.
The equipment used and rear axle loads were:

Equipment Rear Axle Iocad, 1Dbs.
Dump truck 20K¥

Dump truck 18K

Cadilliac 3K

Matador 1.5K

The rear axle of the Matador weighed 1,500 1bs. while the Cadillac
was loaded to a total of 3,000 1bs. per axle (500 1lbs. added) in
order to produce a definite difference in deflection readings.

The deflection measurements for each type of 1loading were taken

at the same points on the pavement surfaces for each axle loading.

From this data the deflection measurements were then plotted,
(Figures 1 through 3) and an evaluated*#* geflection (4) deter-
mined for each loading.

¥K = Kip = 1,000 pounds

%%¥80th percentile deflection
(third highest deflectlon of 10 measured deflections)

ClihPD WAV TasTtio.com
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Evaluated*¥* Deflectior (a4)(.001") Percent of
Section Matador Cadillac Truck Truck 18 Xip Deflection

No. 1.5K 3. 0K 18K 20K Matador Cadillac
1 8.0 13 56 60 14.3% 23.2%
2 2.5 4,5 23.5 27 10.6% 19.1%
3 1.0 3.0 13 16 7.7% 23.0%
Avg. 10.9% 21.8%

The 1,500 pound Matador and 3,000 pound Cadillac axle loads
produced evaluated deflections that, on the average, were 117
and 22% of those measured under an 18,000 pound loading. The
relationship of pavement deflection to pavement "1ife" is

exponential.

Figure 4 is taken from Test Method No. California 356=-E., It

was developed from pavement deflection criteria based on initial
data reported in 1955 and on subsegquent investigations of main-
line AC pavements with relatively high truck traffic volumes.
These ecriteria were adjusted for variations in traffic loading
using laboratory fatigue test specimens cut from variocus AC
pavements. Fleld research studies of pavement deflection and
performance over the last 15 years have verified this relation-
ship, This information has been reported in various HRB and TRB

papers.

Deflection measurements under the 18,000 pound axle load on
test section No. 1 were on the order of 0.056 inch. Figure Y
indicates this pavement strength to be adequate for about

3,000 repetitions of this loading.

Deflection measurements under the 3,000 pound axle load on this
same section of roadway were on the order of 0.013 inch. This
level of deflection 1is well below critical strain 1limits for
this pavement and would provide a service 1ife not limited by

fatigue fallure.

W7 Tastio.com
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This comparison shows that the effect of autos on the 1life of
any reasonable pavement design is not a significant factor.

IV. LOAD EQUIVALENCE RELATIONSHIP APPROACH

In California's method of determining the thickness of new pave-
ment structural sections, the equivalent axle load formula
developed from extensive AASHO road test data is used (3,4).
From this data and from a careful review and correlation with
years of accumulated experience, the following empirical formula

has been developed:

The number of a vehicle axle load (wg) passes eguivalent
L,2
W
to one 18,000 1lb. axle load (Wl) pass = (W;
2

18,000 1b. truck axle lcading
the axle loading being considered.

where wl
and W2

1]

y,2
Using this relationship, it would require (l%) or 1,850 of
18 Ll'.2
the 3,000 1b., Cadillac axle loads, or (T—g} or 34,100 of the
1,500 1b, Matador axle loads to produce the same locad damage to

the pavement as a single pass of an 18,000 1b. axle 1cad.

This formula was primarily developed for pavement design for
axle loads of 6,000 1lbs, to 30,000 1bs. However, sufficient

data has been sccumulated to validate 1ts use in the lower axle

loading ranges.

Figure 5 1s taken from "HRB Special Report 73" (4) on the
conference on the AASHO Road Test and shows the load equlvalence
ratios for various magnitudes of axle weights. This is an eXx-
ponential relationship. It can readlly be seen that axle loads
less than 6,000 lbs. would constitute only a small fraction of
18 Kip load in terms of equlivalent pavement fatigue damage.

ChPD
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Relative composition of traffic on State highways by various
types of vehicles based on 1974-75 Californla loadometer counts
and the relative amount of load damage as determined by load
equivalence relationships are indicated in Table 1.

From Table 1, it can be seen that gross loads less than 6,000

pounds are responsible for an insignificant amount of pavement

damage.

V. COST COMPARISON OF STRUCTURAL SECTIONS

If the vehicles of a traffic pattern are divided according to
vehicles less than 6,000 pound gross load and those heavier than
6,000 pounds, the additional cost of the pavement structural
section to accommodate buses and trucks can be determined. It
should be pointed out that this analysis applies only to the
structural section costs and does not include other costs of

a highway such as right of way, cuts and embankments, etc.

Using the typlcal load count data for an average 2-lane highway,
structural section requirements for both asphalt and portland
cement concrete pavements were determined for passenger cars,
pickups and vans having a gross load of less than 6,000 pounds,
Buses and trucks were then added and another structural section
was designed based on all vehicles included in the load count
(Traffic Index = 9.0). Figure 6 shows poth the AC and concrete
structural sections required for a moderate volume of traffic
considering only the vehicies weighing less than 6,000 pounds,
and then considering all tyaffic. The estimated costs for these
pavements based on statewide average 1674 bid prices are also
shown. In the cases of both asphalt concrete and portland cement
concrete, the cost of the section required for the lighter loads

ChhPDFE=—wrw fastocom
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i1s estimated to be about 42% of the total cost of a pavement
section designed for all the traffic. This means about 58%
of the total cost of new pavement ccnstruction is a conseguence
of accommodating trucks and buses. If this 58% is divided
according to the relative damage done by buses and trucks as
shown in Table 1, about 6% of new construction costs would be
assigned to buses and 52% would be assigned to trucks over 6,000
pounds gross,

The first signs of failure on multilane highways invariably
oceur in the outside lanes which generally handle about 85%
of the truck traffic., Structural overlays are applled as a
repair when needed. The overlay must be carried across the
full width of the travelled way because a "step off" at the
lane edge 1s intolerable from a traffic safety standpoint.
mhis adds considerably to the cost of pavement rehabilitation.

Several photos of asphalt concrete pavement, Figures 7 and 8,
show the prevalence of damage in the outslde freeway lane, which
generally takes over 80% of heavier truck traffic for 6-lane
freeways and about 90% on most 4-lane freeways. These pictures
graphically 1llustrate the damage done by the heavier loads.

The type of failure illustrated 1s called "glligator cracking"
and is due to fatigue, or failure due to repetition of loads

and conseguent stresses and strains that cumulatively cazuse

failure.

Portland cement concrete pavements are also sensitive to a high
number of heavy load repetitions, though damage manifests itselfl
in a different way. Data obtalned from the AASHC Test Road

(TRB Special Report 73, AASHO Road Test) verify this. The two

main kinds of failure observed were eracking and "pumping".
Pumping refers to ejection of material from beneath the pavement

and its deposition at the pavement edge, oOr movement of erodable
material under the pavement or shoulder resulting in faulted

Joints.

_ClihPDE—wniLfastie-com
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At the AASHO test road, some pumping occurred in all PCC sections
after one million truck axle passes of 6,000 pounds or over.
Over one million 2,000 pound single axle loads were appllied over
concrete pavements as thin as 2-1/2 inches with no significant
distress. A concrete pavement this thin, however, 1s not prac-
tical for other reasons,

The conerete pavement structural section (4 inches thick)
required to carry the automoblles, pickups and vans that char-
acterize a moderate traffic pattern as shown in Figure 6 is,

for practical purposes, the same as a city sidewalk. However,
even one passage of a heavy axle load greater than 10,000 pounds
could crack this pavement, as 1s evldent in specific locations
where transit mix or other heavy trucks cross over sidewalks.

VI. PAVEMENT PERFORMANCE EXPERIENCE

To compare performance of AC roadways carrying different amounts
of traffic, sectlons were selected which will graphically itliu-
strate effeet of loading on required pavement structural sectlons.
The first section, the Arroyo Seco Parkway (now Pasadena Freeway),
was opened to traffic in 1940. Truck traffic has not been allowed
to use this facility throughout its 35-year 1ife. Only recently
nave buses been allowed to use 1t. The pavement consists of 6
lanes. The two inside laneés are 0.5 to 0.6 feet AC on one foot
of select material or original ground where sandy. The outer
lanes are 0.55 to 0.75 feet PCC pavement on one foot of select
material or original ground. This facility 1s carrying traffic
volumes from 88,000 vpd (vehicles per day) at its intersection
- with Route 5 (44,000 1n 1946) to 32,000 vpd at its Pasadena end.
The PCC has been grooved for skid resistance improvement and
i1s still in excellent condition. The AC has received seal coats
to counteract aging and drying but has received no structural

10
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overlays. However, the AC has so deteriorated due to aging
and drying that it will require some rehabilitation work in
the near future. Deterioration of the AC 1is not due to struc-
tural damage by traffic.,

Several seections of Route 99 in the lower San Joaquin Valley
that have been carrying truck and auto traffic for about the
same period of time were chosen for the comparison to the
Pasadena (Arroyo Seco) Freeway. These sections of highway

were originally constructed of AC pavement having layer thick-
nesses only slightly greater than the inner lanes of the Arroyo
Seco Freeway. A major difference between Arrcyo Seco and these
other sections of roadway is the heavier loadings imposed by
truck traffic on Route 99G.

Cores from the AC pavement on the Arroyo Seco Freeway and three
Route 99 AC pavements Were recently obtained for comparison

purposes.

Photos (Figure 9) show the present condition of the AC inner
lanes of the Arroyo Seco Freeway. A picture of a pavement core
extracted from this roadway ig also shown. As previously noted,
this pavement was placed about 1940 with no subsequent structural
overlay. Figures 10, 11, and 12 show the present condition

of pavements at three locations on Route §9, including pilctures
of pavement cores taken for comparison purposes. It should

he noted that while no overlay repairs were reqguired to carry
only passenger car traffic on Arroyo Seco Freeway for 35 years,
substantial overlays were required at all three Route 99 loca-
tions to accommodate the heavier loadings of trucks for about

the same period of time.

i+ can be seen that the

At two of the three Route 99 locatlons,
especilally

pavement thickness required to accommodate all traffie,

11
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truck traffic, is about twice the original pavement thickness at
Arroyo Seco, which has carried only passenger car traffie, The
third location, represented by Figure 11, is old Route 99 through
the City of Selma. This roadway was relinquished from the State
to the City in 1965 and it has been carrying lighter traffic
loadings for the past ten years. It also has much more stable
subgrade support and therefore requires less pavement thlckness

than at the other locations.

The major factors affecting the required pavement thickness

are (1) subgrade support strength, and (2) traffic loads.

These factors are commeonly expressed in standard terms or
measurements such as R-value to measure subgrade strength,

and number of passes of equivalent 18,000 pound axle loads

as a measure of traffic. These measurements were collected

from all four highway locations to permit a direct comparison.
mpaffic data used was cumulative auto traffic to date (1975)

with the exceptlon of Route 99 at Madera, where traffic data

to 1973 {(when last overlay was placed) was used., All of these
pavements except the Madera section are in need of rehabili-
tation in the near future. Table 2 was prepared to indicate

how pavement thickness requirements to carry 211 vehicles at the
three Route 99 locations compare to the deslgn thickness required
to accommodate only passenger cars as determined from traffic
pecords. The additional thickness (Column F) required for vehicles

greater than 6,000 pounds gross wWas determined by subtracting
the thickness required for autos only from that needed for all

traffic. The average increase 1n thickness requlred was 66%,
of which 60% can be assigned to trucks and 6% to buses based

on the relationship in Table 1.
Use of the California structural design method previously indicated

that 58% of the cost of the structural section {(new econstruction)
can be assigned to vehlcles over 6,000 1bs. gross welght. When

12
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long-term pavement costs are also considered, the apparent
increase is mainly due to the fact that, in the interest of
economy, new AC pavements are normally designed on the bagsis of
a predicted lifetime of 20 years, with additional AC pavement,
the most expensive structural section element, being placed

later, when required.

VII. EFFECTS OF INCREASED LEGAL LOAD LIMITS

Studies of the effect of increasing the legal lcad 1limit from
18,000 to 20,000 pounds for single axles and from 32,000 to
either 35,000 or 36,000 pounds tandem axles were made by the
California Transportation Department and the Federal Government
as well as other public agenciles (6,7,8). According to a

study by R. E. Smith in July 1973 (8), if half those trucks
which hauled legal limit loads were to increase axle loads

to the proposed limits, the decrease in fatigue life of
existing pavements is predicted to be between 20 and 25%.

In the Federal study (6), estimates were made of the average
remaining lifetime of the existing pavements in various states
under existing load limits, and for 1imits of 20,000 single axle
and 35,000 tandem axles. For California, the average remaining
pavement 1ife for these two conditions were predicted at 10.5

years and 8.6 years, respectively, or an average decrease 1n

1ife of 18%.

A study was alsoc made in Great Britaln (7) regarding the effect
on construction and maintenance aosts for an increase in the
legal load 1limit in that nation. The decrease in lifetime of

a pavement prior to overlay repair was estimated to be abocut
19% for an increase of legal loads of 11% {(equivalent to an

increase of single axle load from 18,000 to 20,000 pounds).

13
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Mindings from these three independent studies indicate that an
11% increase in legal load limits appears to reduce service life
in years approximately 20%.

- Recent legislation by Congress (1675) permitted loads of 20,000
1b. single axle and 34,000 1lb. tandem axle loadings on the Inter-
state Highway System., This 1is about an 11% increase in loading
for single axle and approximately a 6 1/L4% increase for tandem

axle loads,.

The effect of this decrease in pavement 1ife will be to increase
maintenance costs on existing pavements considerably over what
they have been in the past and require reconstruction and reha-~

bilitation at an earller date.

14
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Explanation of Table 2

Example of Determination of Design Thickness

Thickness nessed for cars only (D in Table 2)

0.0032(TI)(100-R)

(1) Thickness or D =

Gp
“ (from Calif. Highway Design Manual)
where D = Thickness of AC needed to carry autos only
I = Traffic Index
R = R-value of subgrade
Gf = @Qravel factor for asphalt concrete

Example for Union Ave:

20 x 106 cars over 35+ years service

R-value subgrade = 32
G, or Gravel Factor = 2.5 /515
0.119
(2) T = 922

(from Calif., Highway Design Manual)

0.000u4% x (No. Cars)

where EAL = Equivalent 18,000# Axle Loads

5.0004 x 20 x 106 = 0,008 x 106

nn

9(0.008)0:119 = 5,07

then TI

0.0032(5.27)(100-32) = 0.h4lL feet
2.

#rom Equation (1), thickness or D=

Aetual AC thickness placed at this location to carry total traffic
including cars was 1.13 ft. Additional thickness needed for traffic

other than cars, vans and pickups 1s therefore 1.13 - 0.4% or 0.697.
In this case heavier traffic 1o0ads required about 2-1/2 times as

* much thickness as cars alone.

#perived from auto registration data (Automotive News, 1975 Almanac
. TIssue) and equivalence factors (The AASHO Road Test - H.R.B. Special

Report 73).

#%From Test Method No. Calif. 301.
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DEFLECTIONS VS REPETITIONS TO FAILURE
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CONFERENCE ON THE AASHO ROAD TEST

FACTOR

EQUIVALENCE

26 28 30

12 16 20 24 28 32
TANDEM AXLE LOAD, KIPS

Figure 5. Relation between axle loads and equivalence factors, based on terminal serviceability index of 2.2, and
on average equivalence factors for both rigid and flexible pavement.

FIGURE 5
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TYPICAL STRUCTURAL SECTIONS
AND CONSTRUCTION COSTS*

A.C. PAVEMENT PCC PAVEMENT
0.20' A.C. ) MRS 0.33' PCC
ALY
0.60' C1.2
Agg. Base
$23,000 per Lane Mile $25,000 per Lane Mile

TO ACCOMMODATE

AUTOS, PICKUPS & VANS ONLY
Tl = 4.8 (<6,000# gross wt.)
AVERAGE COST = $24,000/1ane mile

|
‘///////////////// 0’30| A'C' 4: A4 ° '“‘4‘_0 70| PCC
P aaw M s v - e o , " .
. ° s 4, 0.70' Cement . ® v ¥ .4
" & F o
Treated Base 0.45' Cement
0.50' C1.2 Treated Base
Agg. Subbase
$54,000 per Lane Mile $60,000 per Lane Mile

TO ACCOMMODATE

ALL TRAFFIC
T1 = 9.0

AVERAGE COST = $57,000/1ane mile

ASSIGNMENT PAVEMENT CONSTRUCTION COST:

Type Vehicles A.C. Pavement p.C.C. Pavement

Autos, Pickups, Vans 42.5% 41.7%
(<6,0004 gross)

Trucks & Buses £57.5% 58.3%

xBased on 1974 Avg. Bid Prices
FIGURE 6
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Typical Structural Failures on 4-Lane Freeways

FIGURE 7
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FIGURE 8
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OLD ARROYO SECO FREEWAY

1974 ADT, 88,000 at Rte 5
32,000 at Pasadena

0.58' AC 1940
With no subsequent overlay

Has been carrying auto traffic
only since 1940

FIGURE 9
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- o — EXISTING RTE 99 SOUTH OF MADERA

1974 ADT = 24,800

\0.15' A.C. 1973

—0.17' A.C. 1967

Lk

2 Chip Seals = 0.04'

—0.60'-0.75" A.C. (Avg. 0.68' A.C.) 1941
Opened to traffic 1941. Has been
carrying trucks, buses, and autos
since 1941

1.04' A.C. Total Depth

FIGURE 10
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@ OLD RTE 99 IN SELMA
(Now a city street)

1975 ADT = 4,000

\0.15 A.C

. Re ished to Selma
in 1965 - 1

1inqu
964 ADT = 20,000

— 0.60" A.C. 1938
Opened to traffic 1938
Has been carrying trucks, buses
and autos since 1938

0.75' A.C. = Total Depth

FIGURE 11
29
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UNION AVE (OLD RTE 99
1974 ADT = 3,400

0.08' A.C. 1964 - Rte 99 relinquished
to Kern Co. in 1964
1962 ADRT = 14,000

0.20" A.C. 1957
Has been carrying trucks, buses
and autos since 1938

0.25' A.C. 1948

0.60' A.C. 1938, opened to traffic
1938

1.13'" A.C. = Total Depth

FIGURE 12
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